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(54) Current control circuit for a reluctance machine 



(57) A current controller for a switched reluctance 
machine is disclosed. The current controller controls the 
switching frequency of the power devices that control 
the energization of the phase windings of the machine 
and the peak magnitude of the phase current in re- 



sponse to a single pulse width modulated signal. Also 
disclosed is a method and circuit for implementing slope 
compensation in a current controller for a switched re- 
luctance machine where the magnitude of the slope 
compensation is proportional to the voltage of the power 
supply from which the phase windings are energized. 
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Description 



This invention relates to control circuits for reluc- 
tance machines and more particularly, but not exclusive- 
ly, to control circuits for switched reluctance machines, 
in particular, the present invention relates to an im- 
proved control circuit for a switched reluctance machine 
in which a pulse width modulated signal is used to con- 
trol both the magnitude of the current in the phase wind- 
ing and the frequency at which the power switching de- 
vices coupled to the phase windings are switched. 

In many prior art motor control systems, pulse width ' 
modulated (or "PWM") control signals are used to pro- 
vide signals Indicative of the desired speed or torque of 
the motor. In known control systems, the PWM signal is 
often used to provide a signal representative of the mag- 
nitude of an analogue quantity. PWM reference signals 
are used because they are easily generated by digital 
circuits, such as ASICs, microprocessors and the like, 
that are used in modern control systems. Furthermore' 
the digital nature of a PWM signal means that It can eas- 
ily be passed across an isolation barrier (e.g. using op- 
tical means) with minimal corruption. 

In many known current control systems, current 
feedback is used to maintain the desired motor current 
and operate the power switching circuits. In these sys- 
tems, the power switches are typically operated such 
that the motor current is proportional to an analogue cur- 
rent reference signal. This reference may conveniently 
originate as a digital PWM signal in an ASIC or micro- 
processor, the required analogue voltage being ob- 
tained by low-pass filtering. One exemplary current con- 
trolled system of this type for a switched reluctance ma- 
chine is illustrated in Figure 1. 

Figure 1 generally illustrates a current control circuit 
for a single phase of a switched reluctance machine. As 
those working in the area of switched reluctance motor 
and control circuit design will recognize, the illustrated 
circuitry will typically be repeated for each phase of the 
machine. For the sake of clarity, not all the details of the 
circuit components are shown. These, however, would 
be readily assumed by one skilled in the art. 

In the circuitry illustrated in Figure 1 , a relatively low 
voltage PWM current reference signal representing the 
desired magnitude of the peak motor phase current is 
received at node 10. This signal is typically generated 
by an ASIC, microprocessor or similar digital control cir- 
cuit. In many prior art applications, the frequency of the 
pulses that comprise the relatively low voltage PWM 
current reference signal is constant, e.g., 16 kHz, and 
the width of the pulses Is varied in proportion to the de- 
sired current. Typically, the width of the pulses compris- 
ing the low voltage PWM current reference signal is ad- 
justed such that the average value of the PWM current 
reference signal (i.e., its DC component) represents the 
magnitude of the desired peak phase current 

The electrical components In most known motor 
control systems can be divided into two groups: control 



electronics and power electronics. The control electron- 
ics typically generate the control signals for the motor 
and normally operate on and from relatively low voltage 
signals and supplies (up to 25 Volts). Nevertheless, be- 
s cause of the need to couple elements of the control cir- 
cuitry to the high-voltage power electronics, some of the 
control components may operate at high common mode 
voltages. The power electronics typically control the ap- 
plication of electric power to the motor and operate on 
10 and from voltages that may range- into the hundreds of 
volts. In Figure 1, the components within the broken line 
box comprise the power electronics and those compo- 
nents of the control electronics which are at high com- 
mon mode voltages. 
1^ To prevent the high voltages and currents associat- 
ed with the power electronics from interfering with the 
control electronics, and to isolate the user (who may 
come into contact with the control electronics) from dan- 
gerous voltages, many known circuits, use elements 
20 known as "Isolators", such as opto-isolators. These iso- 
lators provide a barrier between those components at 
high common mode potential and the remainder of the 
system. One such isolator is illustrated as element 15 
in Figure 1. It will be understood that means other than 
2S optical could be used, e.g. transformer isolation. 

Referring to the circuitry of Figure 1 , the PWM ref- 
erence signal is transmitted across the isolator 15 to the 
high voltage portion of the circuit. The filtering network 
12 converts the PWM current reference signal Into an 
30 analogue voltage signal which varies in direct relation 
to the width of the pulses that comprise the PWM refer- 
ence current signal. The analogue signal from filter 12 
corresponds to the peak magnitude of the desired cur- 
rent. That signal is applied as one Input to a comparator 
3S 1 6. The other input to comparator 1 6 is a voltage taken 
from a first terminal of a resistor 17 that "is placed in se- 
ries with switching devices 8 and 23 and phase winding 
24. When switching devices 8 and 23 are closed, the 
phase winding 24 Is coupled to a power source with a 
40 voltage +Vand current will flow through the phase wind- 
ing 24. The voltage at the first temriinal of resistor 17 
corresponds to and follows the magnitude of the current 
in the phase winding 24. 

Comparator 16 compares the voltage from filter 12 
(which corresponds to the desired current) with the volt- 
age at the first terminal of resistor 17 (which corre- 
sponds to the phase current) and generates an output 
signal that indicates whether the sensed phase current 
is greater than or less than the desired current. The out- 
50 put signal from comparator 1 6 is then transmitted back 
across the isolation barrier by isolator 18 and is applied 
as one input to a three-input AND gate 21 and as one 
input to a minimum off-timer 20. The minimum off -timer ' 
20 is an electronic timing device that produces a logic 
55 low signal at its output for a predetermined period of time 
in response to a change in Its input from a logic high 
value to a logic low value. After the predetermined time 
has passed, the output of the minimum off-timer 20 will 
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rise to a logic high signal. 

The output of comparator 16, minimum off-timer 20 
and AND gate 21 operate together to control the current 
in the phase winding 24 as follows. When it is appropri- 
ate to energize the phase winding 24, an enable signal s 
is provided as one input to the three-input AND gate 21 . 
Typically, at the time the enable signal is provided, the 
other two inputs to the AND gate 21 will also be logic 
high/ Accordingly, the output of logic gate 21 will be logic 
high. This logic high signal is then transmitted across io 
the isolation barrier by isolator 22 and that signal turns 
ON switching devices 8 and 23, coupling the phase 
winding 24 to the power source +V At this time the cur- 
rent in the phase winding 24 will begin to rise and the 
voltage at the first terminal of resistor 17 will begin to 
increase. When comparator 16 determines that the cur- 
rent in the phase winding is greaterthan the desired cur- 
rent, it will produce a logic low signal that, when trans- 
mitted across the isolation barrier by isolation device 1 8, 
will both render the output of AND gate 21 a logic low 20 
(thus turning off switching devices 8 and 23) and render 
the output of the minimum off-timer 20 logic low for the 
predetermined period of time. After the minimum off -tim- 
er times out (typically after 20-30 microseconds) the cur- 
rent in the phase winding typically will have dropped be- ss 
low the desired current, and the cycle will repeat during 
the period the enable signal for the appropriate phase 
is logic high. 

While the known circuitry of Figure 1 can be used 
to control a switched reluctance machine, it suffers from 3o 
several disadvantages. For example, because of the 
need to isolate part of the control circuitry from the power 
circuitry, the control system illustrated' in Figure 1 re- 
quires three isolating devices 15, 18 and 22 for each 
phase of the machine. These isolation devices are often 35 
relatively expensive compared to the rest of the control 
system and can add undesirable cost to the motor con- 
troller. Further, becauseof the need to limit the chopping 
frequency of the switching devices 8 and 23, the circuit 
illustrated in Figure 1 requires a minimum off-timer 20 40 
or similar device. The need for an off-timer 20 for each 
phase also adds cost to known control systems. Still fur- 
ther, in control circuits like the one illustrated in Figure 
1 , the switching, or "chopping", frequency is not con- 
stant, but varies with the inductance of the load 24, the 45 
supply voltage V, and (since the impedance of the load 
24 will In practice have a resistive component) the actual 
current level. If an inaudible (ultrasonic) chopping fre- 
quency is required, as is often the case, the minimum- 
off periods timed by 20 must be chosen such that the so 
lowest chopping frequency is still ultrasonic. The aver- 
age switching frequency will be higher than this, and 
therefore the frequency-related losses in the power 
electronics (e.g. switching losses in switches 8 and 23) 
and possibly the load 24 (iron losses, skin effect in the ss 
winding) will be worse than absolutely necessary. Addi- 
tionally, the different phase control circuits for the indi- 
vidual phases in the machine can operate such that, at 



a given instant, the switching of the devices 8 and 23 for 
the different phases occurs at different frequencies. 
When the switching devices of the different phases are 
chopped at different frequencies, undesirable audible 
noise is often produced by the Interaction or "beating" 
of the different chopping frequencies, even if the indi- 
vidual phases are all switching ultrasonically. 

A further disadvantage of the circuitry of Figure 1 is 
that it is subject to potentially damaging currents in the 
event of a failure of the digital circuit that provides the 
PWM signal to node 10. For example, if there was a fail- 
ure In the digital device that provides the PWM signal 
such that the signal applied to node 10 was always at 
the highest logic level, the analogue filter 1 2 would pro- 
duce an analogue signal corresponding to a 100% duty 
cycle which will ensure that the maximum phase current 
is provided. The application of such a high phase current 
for any significant length of time could damage the ma- 
chine. Worse still, the failure of isolator 18, or of isolator 
22 with its output in the logic HIGH state, would result 
in switching devices 8 and 23 being permanently closed, 
and the winding current consequently rising without lim- 
it. 

An alternative current controller is illustrated in Fig- 
ure 2. In the control circuit of Figure 2, as In the circuit 
of Figure 1 , a low voltage PWM signal representing the 
desired current is received at node 1 0 and converted by 
a filter 1 2' into a low voltage analogue signal having a 
magnitude that varies with the duty cycle of the PWM 
command signal. The low voltage analogue signal from 
filter 12' is provided to the non-inverting input terminal 
of a comparator 26. Also coupled to the non-inverting 
input terminal of the comparator 26 is a feedback signal 
derived from the output of the comparator 26 by feed- 
back resistor 27. As those skilled in the art will recog- 
nize, feedback resistor 27 introduces hysteresis into the 
comparison, converting comparator 26 into a hysteresis 
comparator. The level of the hysteresis Is detemnined by 
the size of resistors 27 and 29. 

Coupled to the inverting input of comparator 26 is 
the output of a current transducer 28. Current transduc- 
er 28 is located near the phase winding 24 and provides 
an isolated analogue voltage signal that corresponds to 
the magnitude of the current flowing in winding 24. The 
output of the comparator 26 is coupled to the control 
gates of switching devices 8 and 23 through an isolator 
15' to control the application of voltage to the machine 
winding 24. 

In general, the output of comparator 26 will produce 
a logic high signal whenever the analogue voltage rep- 
resenting the current in the winding 24 is less than the 
analogue voltage from filter 1 2' representing the desired 
current. Once the analogue voltage representing the ac- 
tual current exceeds the analogue voltage representing 
the desired current, the output of comparator 26 will drop 
to logic low, opening switches 8 and 23 and allowing the 
machine current to drop. Once the analogue voltage 
representing the desired voltage falls below the ana- 
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logue voltage representing the desired current by an 
amount determined by feedback resistor 27 and input 
resistor 29. the output.of the comparator 26 will change 
again and the cycle will repeat. 

While control circuits like the one illustrated in Fig- 
ure 2 overcome some of the limitations of circuits such 
as are illustrated in Figure 1 , they still suffer from several 
disadvantages. For example, in the circuitry of Figure 2 
the switching of switching devices 8 and 23 does not 
occur at any set frequency, and the switching of the de- 
vices may thus not be the same for all of the phases of 
a reluctance machine. As discussed above in connec- 
tion with Figure 1 . these differing frequencies can result 
in higher than necessary switching frequencies, as well 
as undesirable audible noise. Still further, the circuit of 
Figure 2 can suffer from the continued application of un- 
usually high phase currents in the event that the digital 
device providing the PWM signal fails and provides a 
continuous high voltage signal to node 10. In addition, • 
, an Isolated current transducer is required which, as 
those skilled in the art will readily recognize, is a rela- 
tively expensive item and may require considerable 
space for installation. 

Control circuits have been suggested that allow for 
control of the switching frequency of the power switching 
devices 8 and 23. One such control system is disclosed 
in Figure 3A. In the control system of Figure 3A, as in 
the other systems discussed above, a PWM current ref- 
erence signal is received at 10 by a filter 12" that con- 
verts the PWM current reference signal into an analogue 
signal whose magnitude varies with the duty cycle of the 
PWM command signal. The analogue control signal is 
applied to one input of an error amplifier 30. The other 
input to the amplifier 30 is an analogue signal that con- 
stitutes the output of a low pass filter 31 that receives 
and averages an analogue voltage corresponding to the 
current in the phase winding of the machine. This ana- 
logue voltage is derived from an isolated current trans- 
ducer 28. The low pass filter 31 detects and averages 
the current flowing through the phase winding and pro- 
vides an analogue voltage signal corresponding to the 
magnitude of the current. The output of the error ampli- 
fier 30 is an analogue error signal that varies with the 
difference between the analogue signal representing 
the desired current and the analogue signal represent- 
ing the averaged measured current. 

The analogue error output from amplifier 30 is pro- 
vided to one input of a low voltage digital comparator 
33. The other input to digital comparator 33 is a repeti- 
tive low voltage waveform 34 such as a sawtooth or tri- 
angular waveform having a frequency that may be ad- 
justed by additional control circuitry (not shown). The 
output of digital comparator 33 is a PWM signal whose 
duty cycle varies in proportion to the magnitude of the 
error signal from amplifier 30. This PWM signal is 
passed through isolator 15" to the switching devices 8 
and 23. 

It will be recognized by those skilled in the art that 



various modifications are possible to this basic circuit. 

There are several disadvantages associated with 
the circuitry of Figure 3A. One disadvantage is that it is 
slow. In particular, the need for the low pass filter 31 pre- 
5 vents the circuit from rapidly responding to changes in 
either the actual or desired machine current. Moreover, 
the circuit is relatively complex in that it requires the 
ramp signal 34 and two comparators 30 and 33. Further, 
it requires an isolated current transducer. 
^0 A further known current control scheme using sim- 
ple current measurement and fixed switching frequency 
IS shown in Figure 3B. This attempts to overcome some 
of the difficulties associated with these schemes shown 
in Figures 1 and 2 and 3A. In this circuit, the PWM signal 
IS representing the desired current level is received at 10 
and passed through an isolator 15 to a filter circuit 12 
(as before). The output of the filter circuit is passed to a 
voltage comparator 33. the other Input of which is driven 
by a signal from a current sensing resistor 1 7. The out- 
20 put of comparator 33 Is connected to the reset input of 
a flip flop 35. The set input of the flip-flop is connected 
to a clock signal through another isolator 37. The output 
of the flip-flop Is used to drive the devices 8 and 23 as 
previously described. 
25 At the start of a switching inten/al, flip-flop 35 is set 
by the clock signal and closes the switches building up 
current in the phase winding. When the load current 
reaches the desired value as represented by filter 12, 
the output of comparator of 33 resets the flip flop, there- 
to by opening the switches and allowing the current to fall 
until the next ctock edge is received and the sequence 
repeats. 

Known variants on this basic circuit have the clock 
oscillator inside the isolating barrier (thereby eliminating 
35 isolator 37) or use a third isolator with the flip flop outside 
the barrier. 

As those skilled in the art will appreciate, when the 
PWM duty cycle of the switching device is above 50% 
there is a danger that an induced error in the measured 
"fo or desired current signals will increase over time and 
cause chaotic behaviour and/or subharmonic oscilla- 
tion. Slope compensation has been suggested for re- 
ducing the risk of instabilities in current controllers. 
Slope compensation is generally known and is dis- 
45 cussed, for example, in UNITRODE's Application Note 
U-97, "Modeling, Analysis and Compensation of the 
Current-Mode Converter" (available from Unitrode Inte- 
grated Circuits Corp.) 

However, this system still has disadvantages in that 
50 it requires a minimum of two isolators or one isolator to- 
gether with a clock oscillator on the "live" side of the cir- 
cuitry. Further, it requires a separate clock signal and 
PWM control signal, which (notably if a separate clock 
generator is used on the "live" side of the circuit, so as 
55 to avoid two isolators) may not be of exactly the same 
frequency This may result in audible noise due to inter- 
modulation between the clock and any residual ripple 
(at PWM frequency) at the output of filter 12. Nor does 
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the circuit of Fig.3B overcome the aforementioned prob- 
lems of failure of the digital device supplying the PWM 
signal to node 10. 

The control system of the present invention over- 
comes the discussed, and other, disadvantages of s 
known control systems that receive a PWM current ref- 
erence~signal-and.provides additional benefits unavail- 
able in the known systems. In a particular form the 
present invention also provides an improved current 
controller with slope compensation. io 

The present invention is defined in the accompany- 
ing independent claims. Preferred features are recited 
in the dependent claims. 

The control system of the present invention can 
make use of both the frequency component of a PWM is 
command signal (i.e., the AC component) and the aver- 
age voltage component (i.e., the DC component) to pro- 
vide a control system that fixes the switching frequency, 
thereby reducing the problems of "beat" frequencies 
and provides a simple and cost effective way to control 20 
the current and switching of switching devices in a 
switched reluctance machine. In the present invention, 
the frequency at which the current controller switches 
the power switching devices follows the frequency of the 
of the PWM command signal. Further, the peak winding 25 
current follows the average (DC) value of the PWM com- 
mand signal. In one embodiment, slope compensation 
is added to improve the performance of the current con- 
troller of the present invention. In a further embodiment, 
a single isolation channel is used to isolate the current 30 
controller from the PWM command signal. 

Other aspects and advantages of the present inven- 
tion will become apparent upon reading the following de- 
tailed description of examples of the invention and upon 
reference to the drawings in which: 55 

Figure 1 illustrates a known current controlled sys- 
tem for a single phase of a switched reluctance mo- 
tor in which current feedback and a minimum off- 
timer is used to control the current in the phase 40 
windings of the motor; 

Figure 2 illustrates a known current controller in 
which a hysteresis comparator is used to control the 
current In the phase windings of the motor; 
Figures 3A and 3B Illustrate known current control- 4S 
lers that allow for control of the switching frequency 
of the power switching devices that couple the 
phase windings to a voltage source; 
Figure 4 illustrates in block schematic form a con- 
troller constructed in accordance with the present so 
invention; 

Figure 5 illustrates in greater detail one embodi- 
ment of the current controller of the present inven- 
tion; 

Figures 6 A and 6B illustrate voltage waveforms ss 
demonstrating slope compensation; 
Figures 7A, 78 and 7C generally illustrate wave- 
forms and circuitry constructed in accordance with 



the present invention that may be used to imple- 
ment slope compensation that tracks the voltage of 
the power supply in the present invention; 
Figure 8 illustrates in greater detail the use of a 
slope compensation circuit in accordance with the 
present invention in the context of the current con- 
troller of Figure 5; and 

Figures 9Aand 98 illustrate examples of alternative 
low pass filters that may be used to provide a cur- 
rent reference signal in the current controllers con- 
structed in accordance with the present invention. 

Similar reference characters indicate similar parts 
throughout the several views of the drawings. 

Figure 4 illustrates in block schematic form a control 
circuit constructed in accordance with the present Inven- 
tion. In general, the circuit represented by Figure 4 in- 
cludes a circuit for receiving a PWM signal at node 40 
that contains information concerning the magnitude of 
the. desired phase current and information concerning 
the desired switching frequency of the power switching 
devices 8' and 23'. In the circuit of Figure 4 the PWM 
input signal received at node 40 serves a dual purpose: 

(i) its average voltage value (i.e. its DC component) is 
used to control the magnitude of the phase current and; 

(ii) its frequency is used to control the switching frequen- 
cy of switching devices 8' and 23'. 

In the circuit of Figure 4, the PWM signal received 
at node 40 is applied through an isolator 41 to a low pass 
filter 46 and to an edge detector 42. Edge detector 42 
responds to either the rising or the falling edges of the 
PWM signal received at node 40 to produce a digital 
train that has clock pulses that occur at a frequency that 
is equal to the frequency of the PWM signal received at 
node 40. The digital pulse train from the edge detector 
42 is provided as a clock input to current controller 44 
to control the switching of the switching devices 8* and 
23'. 

Current controller 44 receives three inputs: the dig- 
ital pulse train at frequency f from edge detector 42, an 
analogue voltage signal corresponding to the magni- 
tude of the current in the phase winding 24' Omotor) 
and an analogue voltage signal corresponding to the 
magnitude of the desired phase current (Ireference) • 
In general, current controller 44 switches switching de- 
vices 8* and 23' ON each time it receives a pulse from 
edge detector 42 thus coupling the phase winding 24* 
to the power supply voltage +V. Controller 44 keeps 
switching devices 8' and 23' ON, and allows the current 
in the phase winding 24' to increase, until the current in 
the phase winding, as represented by Imotor« exceeds 
the desired phase current value Ireference- 

In the embodiment of Figure 4, the analogue volt- 
age signal corresponding to the magnitude of the phase 
current in the windings Imotor 's derived through the 
use of a resistor 17' placed in series with switching de- 
vices 8' and 23' and phase winding 24'. Alternative ar- 
rangements for sensing the phase current Imotor* ^^^^ 
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as a current transducer or a device with a built-in current 
measuring system (e.g. a SENSEFET manufactured by 
International Rectifier of El Segundo, California. USA) 
may be used. 

The analogue voltage signal corresponding to the s 
magnitude of the desired phase current iREPERPMrP is 
derived from the low pass filter 46 that receivefas its 
input the PWM input signal received at node 40 Low 
pass filter 46 receives the PWM input signal and devel- 
ops an analogue voltage signal that is proportional to io 
the duty cycle of the PWM signal received at node 40 
In the embodiment of Figure 4, the analogue voltage sig- 
nal produced by filter 46 Ireference is equal to the av- 
erage DC value of the PWM signal received at node 40 

As an analysis of Figure 4 reveals, the control circuit is 
of the present invention allows for the control of both the 
magnitude of the phase current and the switching fre- 
quency of power devices 8'and 23' from a single PWM 
input signal. 

Those skilled in the art will recognize thatthe control 20 
circuit of Figure 4 is exemplary only and that other circuit 
implementations may be used without departing from 
the scope of the present, invention. For example edge 
detector 42 could be designed to produce pulses in re- 
sponse to either the rising or falling edges of the PWM 25 
signal received at node 10. and the analogue voltage 
representing the phase current Imotor could be derived 
through the use of a current transducer or other current 
sensing device. Those skilled in the art will also recog- 
nize that while the circuitry of Figure 4 is illustrated for so 
only one phase, the control circuit of the present inven- 
tion IS applicable to multi-phase machines. In embodi- 
ments where multi-phase motors are used, a separate 
current controller 44 should be provided for each phase 
Furthermore, the circuit could be made to operate with ss 
the lower band of the phase current controlled In this 
case, current controller 44 operates so that the switch- 
ing devices 8* and 23' are turned OFF (i.e. opened) when 
a pulse is received from the edge detector 42 The 
phase current in the load 24' then decreases until it falls 40 
below the desired value Ireference. when the switches 
a and 23 are closed, coupling the winding 24' to the 
power supply The phase current then rises until the next 
PWM edge is detected by edge detector 42, when the 
cycle repeats. 

The invention can also be used with only one of the 
two power switches operated by the current controller 
44, In this case, when the current controller opens the 
one power switch it controls, the phase current "free- 
wheels" around the path provided by the other power so 
switch and one of the power diodes 25a or 25b The 
power switch controlled by the current controller 44 may 
equally well be either the "high-side" switch 8' the "low- 
side" switch 23', or may altemate between the high and 
low sides in any sequence. 55 

Those skilled in the art will appreciate that modifi- 
cations to the basic scheme such as those discussed 
above may affect the choice of slop compensation 



scheme (discussed earlier) if one is used. 

The novel control circuit of Figure 4 has several ad- 
vantages over known current controllers. Initially, as dls- 
cussed above, the circuit of Figure 4 allows for control 
of the magnitude of the phase current and the switching 
frequency of switching devices 8' and 23' through the 
use of a single PWM signal. Moreover, the current con- 
troller of Figure 4 is simple in that it implements the cur- 
rent control function without the need for minimum off- 
timers, separate clock oscillators or isolated current 
transducers such as are required by circuits of the type 
Illustrated in Figures 1. 2. 3A and 3B. Additionally, in 
multi-phase systems where each phase is switching Ac- 
cording to the frequency of the PWM signal received at 
node 40. the controller of Figure 4 can reduce sources 
of acoustic noise in that all phases will be switched with 
the same frequency thereby avoiding beating between 
the switching frequencies of the individual phases and 
the potential noise generated therefrom. Furthermore 
because the switching frequency is fixed, it can be set 
to the minimum value required (tor ultrasonic operation 
for example) and the disadvantages of the higher thar^ 
necessary average frequencies attendant with the prior 
art are therefore avoided. 

Figure 5 illustrates in greater detail one embodi- 
ment of the current control circuit of the present inven- 
tion. In general. Figure 5 illustrates a control circuit in 
accordance with the present invention for a two-phase 
switched reluctance motor 

Referring to Figure 5, an input PWM signal is re- 
ceived at node 40 by an opto-isolator 50. The PWM sig- 
nal received at node 40 may be generated by an ASIC, 
microp rocessor or other digital controller used to control 
switched reluctance motors. The generation of the PWM 
input signal is not, per se. a part of the present invention 
and It is only necessary that the input PWM signal have: 
(I) a frequency component related to the desired switch- 
ing frequency of switching devices 8' and 23'; and (ii) an 
average voltage (DC component) value related to the 
magnitude of the desired peak phase current. Circuits 
and methods for generating PWM signals with these 
characteristics are well-known in the art and are not dis- 
cussed herein. In one embodiment of the present inven- 
tion, the frequency of the input PWM signal is generated 
by a microcontroller and is set at or near 20kHz to avoid 
the production of audible noise. 

In the embodiment of Figure 5 the output of opto- 
isolator 50 is coupled to a source of voltage +V2 via a 
resistor 51 to produce a pulse train corresponding to the 
logical inverse of the PWM signal received at node 40 
In the embodiment of Figure 5 the pulse train from opto- 
isolator 50 Is applied to both inputs of a hysteresis N AND 
gate 52 which again Inverts the pulse train to provide 
digital pulse train with well defined edges whose duty 
cycle and frequency correspond to the duty cycle and 
frequency of the PWM signal received at node 40. 

The digital pulse train from hysteresis NAND gate 
52 IS applied to edge detection circuit 42 and to low pass 
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filter circuit 46. In the embodiment of Figure 5, the edge 
detection circuit 42, like the edge detection circuit of Fig- 
ure 4. provides a series of negative-going clock pulses 
that occur at the frequency of the rising edges of the 
PWM signal received at node 40. In Figure 5, the edge 
detection circuit 42 comprises a RC filtering network 53 
and an hysteresis NAND gate 54. The time duration of 
the negative-going clock pulses from edge detector 42 
is not critical as long as the negative-going clock pulses 
are of a sufficient duration to set flip-flop 58, discussed 
below. The negative-going clock pulses from edge de- 
tector 42 must not, however, be so that the pulse is still 
active when the current in the load 24 has reached the 
required peak value, or they will delay the reset of flip- 
flop 58 and cause the current to overshoot past the de- 
sired peak value. In practice, as will be explained, the 
set-dominant nature of flip-flop 58 means that the neg- 
ative-going clock pulses can usefully be used to mask 
the effect of transient high peak currents due to diode 
recovery, which may flow through the current sense re- 
sistor 1 T after the instant of tum-on of the switching de- 
vices 8' and 23'. 

The inverted digital pulse train from hysteresis gate 
52 is also applied to a low pass filter circuit 46. Like the 
low pass filter circuit 46 of Figure 4, the low pass filter 
circuit 46 in the embodiment of Figure 5 receives the 
PWM signal and provides an analogue voltage signal 
'reference proportional to the duty cycle of the 

PWM signal. In the embodiment of Figure 5, low pass 
filter 46 comprises a filtering network including a resistor 
56 and a capacitor 57. 

The negative-going clock pulses from edge detec- 
tor 42 and the current reference signal Ireference ^^^"^ 
low pass filter 46 are applied as inputs to phase current 
controllers 44A (for Phase A) and 44B (for Phase B). In 
Figure 5, only the circuitry for current controller 44A is 
shown In detail. It will be understood that the circuitry 
for current controller 448 is substantially the same. The 
current controllers 44A and 448 also receive phase en- 
able signals (PHASE A ENABLE, PHASE B ENABLE) 
that identify, in one of the many ways known in the art. 
the appropriate phase for phase energization at any giv- 
en time. The PHASE A ENABLE and PHASE B ENABLE 
signals are provided by circuitry (not shown) that moni- 
tors the rotor's position and provides signals Indicative 
of the appropriate phase for energization. 

Referring to current control circuit 44A, the nega- 
tive-going clock pulses from edge detector 42 are ap- 
plied to the SET input of a flip-flop 58 comprising two 
hysteresis NAND gates 58 A and 58B. As illustrated in 
Figure 5, flip-flop 58 (i.e. its output assumes a logical 
"HIGH" state) sets whenever the signal at the SET input 
S drops to zero and resets whenever the Input at the 
RESET input R drops to zero. The output of flip-flop 58 
is applied as one input to a phase select gate 59 whose 
other input is the PHASE A ENABLE signal, discussed 
above. When PHASE A is enabled, the output of flip- 
flop 58 drives power switching devices 8' and 23' which 



may be an IGBTs, MOSFETs, BJTs or similar controlla- 
ble switching devices. Accordingly, when flip-flop 56 is 
set, its output will be at a logic high state and it will turn 
ON switching devices 8' and 23' connecting phase wind- 
5 ing 24' to the power source that produces an increasing 
current in phase winding 24'. Conversely, when flip-flop 
58 Is reset, its output will be at a logic low state and it 
will turn OFF switching devices 8* and 23'. 

The use of logic high and logic low states in con- 
junction with the flip-flip 58 to respectively turn ON and 
OFF the switching devices is exemplary only. 

From Figure 5 Is may be observed that (assuming 
that the RESET input R is a logic 1 ) the flip-flop 58 is set 
each time a negative-going clock pulse is provided by 
edge detector 42. As discussed above, the negative-go- 
ing clock pulses from edge detector 52 occur at the fre- 
quency of the PWM signal received at node 40. Accord- 
ingly, in the embodiment of Figure 5, the switching de- 
vices 8' and 23' are turned ON at a frequency that cor- 
responds to and is controlled by the frequency of the 
PWM signal received at node 40'. 

Although the flip-flop 58 illustrated in Figure 5 Is trig- 
gered by a falling edge, embodiments can use a rising 
edge triggered flip-flop. Furthermore, the present inven- 
tion is not limited to the use of SR flip-flops but can be 
implemented through the use of other digital latching de- 
vices. 

Referring to Figure 5 it may be noted that the flip- 
flop 58 is reset each time a falling edge occurs at its 
RESET input R (assuming that the SET input S is at logic 
1 ). The RESET input R of flip-flop 58 Is coupled to the 
output of a comparator 60 which receives two inputs. 
The positive input of comparator 60 is coupled to the 
output of low pass filter 46 and receives the analogue 
signal I reference' wi^ic^h corresponds to the peak mag- 
nitude of the desired phase current. As discussed 
above, the magnitude of the analogue signal Irefer- 
ence '® detemnined by and controlled by the duty cycle 
of the PWM signal received at node 40. 

The negative-Input temiinal of comparator 60 is 
coupled to a current measuring sense resistor 17' that 
provides an analogue voltage Imotor-a ^^^^ ^® repre- 
sentative of the current flowing in Phase A of the motor. 
A similar current measuring sense resistor 17' is placed 
in series with Phase B of the motor and could be pro- 
vided for each phase of a multi-phase switched reluc- 
tance motor. While the embodiment of Figure 5 uses 
current measuring sense resistor 17' to generate a sig- 
nal representative of the motor phase current, pther cur- 
rent measuring devices, such as a Hall-effect device or 
a current transducer, may be used to equal effect. 

Comparator 60 compares the motor phase current 
'motor-a ^'^**^ signal representing the desired peak 
current Ireference produces a logic low signal 
whenever the motor current Imotor-a exceeds the de- 
sired peak current Ireference- Since the output of com- 
parator 60 is coupled to the RESET input R of flip-flop 
58, the logic low signal from the comparator 60 will reset 
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flip-flop 58, causing the output of flip-flop 58 to drop to 
a logic low level. This will turn OFF the switching devices 
8' and 23'. However, it should be noted that flip-flop 58 
is set-dominant, so that the RESET Input is ineffective 
whilst the negative-going clock pulse generated by edge 
detector 42 is active (i.e. in a logical LOW condition). 
This may be put to advantageous use by making the 
length of the negative-going clock pulses equal to, or 
longer than, the reverse-recovery time of the power di- 
ode 25a. As Is well known in the art, such power diodes 
take a small but significant period of time to recover their 
reverse-blocking capability, which may result in the cur- 
rent through the sense resistor 17' overshooting briefly 
to a high peak value following closure of the power 
switch 23'. To reduce the effect of such overshoot, it Is 
common practice to fit a short time-constant filter such 
as that shown as 59 in Flg.5. However, by suitable 
choice of negative-going clock pulse width, it Is possible 
to reduce the degree of filtering, or even eliminate it al- 
together, with attendant advantages of better overall 
stability and control performance. 

Edge detector 42, current controller 44A and low 
pass filter 46 operate to control the switching frequency 
of the switching devices and the rriagn itude of the phase 
current in the same manner described above In connec- 
tion with the circuit of Figure 4. In particular, node 40 
. receives a PWM signal that Is applied to edge detector 
42 and low pass filter 46. Edge detector 42 produces a 
digital pulse train of negative-going pulses that occur at 
the same frequency as the frequency of the PWM signal 
received at node 40. The digital pulse train from edge 
detector 42 is applied to the SET input S of flip-flop 58 
Assuming that the RESET Input R to flip-flop 58 is logic 
1 . each negative-going pulse will set flip-flop 58, causing 
its output to go logic high, which turns ON switching de- 
vices 8' and 23'. The switching devices couple the phase 
winding 24' to a power source and the current in the 
phase winding 24' rises until it exceeds the desired peak 
current Ireference- When the phase current Imotor a 
exceeds the desired peak reference current Irefer- 
ENCE> comparator 60 produces a negative-going pulse" 
which resets flip-flip 58, which turns OFF switching de- 
vices 8' and 23'. Since the switching devices 8' and 23' 
are opened, the current in phase winding 24' will drop 
below the desired peak reference current Ireferencb 
causing the output of comparator 60 to return to logic 
high. The cycle wlil repeat Itself upon the next occur- 
rence of the next negative-going pulse from edge detec- 
tor 42. 

Although the above example was provided in con- 
nection with the circuitry of Figure 5 and Phase A. the 
circuit's operation would be the same for Phase B, ex- 
cept the Phase B current controller 44B and the switch- 
ing devices and current sensor associated with Phase 
B would be used. 

From an analysis of Figure 5 it may be noted that 
switching devices 8' and 23' will be switched at a known 
frequency that Is substantially the same as the frequen- 



cy of the PWM Input signal received at node 40. Thus 
. the single PWM input signal received at node 40 deter- 
mines both the frequency and the duration of the voltage 
applied to the phase winding through switching devices 
5 8' and 23'. 

The circuit of Figure 5 has several advantages over 
the prior art. In addition to all of the advantages dis- 
cussed in connection with the circuitry of Figure 4. the 
circuitry of Figure 5 requires fewer Isolation devices than 
10 required by many of the known systems. For example, 
referring to the known circuit of Figure 1 , three Isolators 
are required for each phase of the winding, whereas the 
circuit of Fig. 5 only requires one isolator for all the phas- 
es of the machine that it controls. 
1^ In addition to limiting the required number of isola- 
tion devices, the embodiment of the present invention 
ensures that If the circuit providing the PWM signal re- 
ceived at node 40 fails, the system is left in a safe con- 
dition. For example, as discussed above in connection 
20 with Figure 1 , in known systems, the failure of the device 
providing the PWM current command signal in a state 
such that the PWM signal is always logic high can cause 
high, potentially damaging, phase currents to flow in the 
motor. In the embodiment of Figure 5, if such a failure 
25 occurs, flip-flop 58 will be reset whenever the motor cur- 
rent Imotor-a exceeds the desired peak current Irefer- 
ence- 'n the event of a failure of the PWM providing de- 
vice, after the reset occurs and the switching devices 
are switched OFF, there will be no clock pulse from edge 
30 detector 42 to set the flip-flop 58 and turn ON the switch- 
ing devices. Accordingly, failure of the device providing 
the PWM current command in the embodiment of the 
present invention Illustrated in Figure 5 results in a safe 
condition, with the switching devices OFF. 
35 Further, the circuit shown in Figure 5 does not re- 
quire an isolated current transducer, allowing the use of 
smaller and less costly methods of current measure- 
ment. 

Slope compensation may be used to further im- 
40 prove the performance of the current control circuit of 
the present Invention. Figures 6A and 6B help illustrate 
the basic concept of slope compensation. 

Figure 6A generally illustrates an analogue voltage 
62 corresponding to the phase current in the motor over 
45 time and a stable analogue voltage 64 corresponding to 
the desired peak phase current. These voltages gener- 
ally correspond to the I^^otor and Ireference signals 
discussed above. As illustrated in Figure 6A, during nor- 
mal operation of the current control circuit, the motor 
50 current 62 rises when the switches are closed until the 
phase current reaches the voltage representative of the 
desired peak cun-ent 64. At that time, the switches are 
opened and the current begins to fall until the phase 
winding is again coupled to the power source at time Tg. 
^5 if the voltage value representing the phase current 
is disturbed or perturbed by an amount Al, e.g. by elec- 
trical "noise", an instability in the system may be Intro- 
duced. This is illustrated by waveform 66 in Figure 6A, 
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which represents the voltage representative of the de- 
sired current with an error Al introduced at time Tq. As 
is illustrated in Figure 6A the error is such that the volt- 
age value representative of the phase current Is in- 
creased by an amount Al at time Tq. 

Because the voltage corresponding to the current 
Is greater than It would otherwise be, the current ap- 
pears to reach the desired peak current before it other- 
wise would and the switches are opened at time T-, be- 
fore they would have been if the error had not been 
present. The current in the phase winding will then de- 
crease until time T2 when the switches are switched on 
and the phase winding will again be coupled to the pow- 
er source. It will be realised that in Fig.6, the spacing of 
points Tq, T2, T5 & Tg correspond to the constant fre- 
quency of the PWM input signal. Because the error 
caused the switches to be opened prematurely at T^, 
the current at Tg will be lower than it would otherwise 
be. Accordingly, the current seen by the comparator will 
take longer to rise to the desired peak current 64 than 
without the error, and will not reach the desired peak 
current 64 until T4. The time T4 is near the time T5, which 
is the next time the switches are closed. The current at 
Tg will still be near the desired peak current 64, and thus 
the switches will be opened before they would have 
been without the error. By time Tg, the error AI3 has 
grown substantially and eventually it will become so 
large that the current cannot reach the desired peak val- 
ue 64 within one PWM period. When this happens, the 
pulse which should set the flip-flop and turn on the power 
switches has no effect because the switches are already 
closed, the current having failed to reach the peak value 
during the previous clock period. The switching frequen- 
cy is therefore no longer synchronised to the PWM sig- 
nal and improper operation - not least audible noise - 
will result. 

So-called "slope compensation" can be implement- 
ed by modifying, the voltage representing the desired 
peak current such that it varies over time at a frequency 
that corresponds to the PWM frequency. The use of 
slope compensation is illustrated by Figure 6B, where 
the voltage representing the desired peak current is il- 
lustrated by waveform 64'. As waveform 64' illustrates, 
the desired peak current voltage is no longer constant, 
but varies linearly from a peak value to a minimum value 
over the periods, such as Tq to T2, defined by the switch- 
ing of the power device. 

When slope compensation is used, the current in 
the phase winding will vary generally as is illustrated by 
waveform 62' in Figure 6B. As with the example of Fig- 
ure 6A, the current will increase until it reaches the de- 
sired peak current 64' at which point it will decrease until 
the switching devices are switched ON again. Waveform 
66* represents a current waveform with an error Al intro- 
duced at time Tq. Following waveform 66' over time, it 
may be noticed that when slope compensation is used, 
the error Al decreases over time, tending to bring the 
system into stable operation. 



The relative increase or decrease of the error value 
Al depends on the slopes of the waveforms illustrated 
in Figures 6A and 68. For example, if it is assumed that 
the slopes of the increasing portions of the current wave- 
s form 62' are all constant at M^ and the slopes of the de- 
creasing portions of the current waveform 62* are all 
constant at M2, it can be shown that the slope of the 
compensated voltage representing the desired peak 
current M must be at least O.5M2 for stable operation. 

10 For the safest slope compensation, it has been deter- 
mined that the slope of the compensated peak current 
voltage should be approximately equal to M2. When 
M=M2, any introduced error Al will be reduced to approx- 
imately zero after one switching cycle. 

IS The slopes of the increasing and decreasing por- 
tions of the motor current waveform will be constant only 
if the voltage of the power source to which the phase 
winding is coupled is constant. In practical drives, the 
voltage of the power source is not constant, but can-vary 

20 over time. Accordingly, for optimum motor performance, 
the slope of the compensated peak current voltage 
should not be constant but should vary with variations 
in the voltage of the power source. The present inven- 
tion allows for the use of slope compensation, where the 

2S degree of compensation varies as a function of the volt- 
age of the power supply voltage, +V. 

In Figure 6B slope compensation was introduced 
by adjusting the value of the voltage representing the 
desired peak current over time. Alternatively, slope com- 

30 pensation could have been introduced by allowing the 
voltage representative of the desired peak current Ip^p. 
ERENCE remain constant and adding a compensation 
voltage to the voltage representing the motor current 1|^. 
OTOR where the added compensation voltage varies 

3S over the switching period. To implement slope compen- 
sation such as is illustrated in Figure 68, the added com- 
pensation should start at near zero and increase linearly 
at a slope of M until the start of the next switching period 
at which time the compensation voltage drops to near 

40 zero and the process is repeated. 

Figures 7A and 7B generally illustrate circuitry, and 
the associated waveforms, that may be used to imple- 
ment slope compensation that tracks the voltage of the 
power supply by providing a voltage that varies from 

45 near zero to a maximum value over the switching period 
and adding that compensation voltage to the voltage 
representing the motor current Imotor- 

Figure 7A provides voltage waveforms represent- 
ing exemplary compensation voltages for different pow- 

so er supply voltage levels. Waveform 70 In Figure 7A rep- 
resents an exemplary compensation voltage for a power 
supply with a voltage of V^^. As illustrated, waveform 70 
starts at a voltage near zero at the initiation of the switch- 
ing period at time Tq and increases linearly to a maxi- 
ms mum value at time T^ at" which time the compensation 
voltage drops to near zero and the cycle repeats over 
the next switching cycle. In Figure 7A, the maximum 
voltage magnitude of the compensation voltage is pro- 
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portional to the voltage of the power supply V. but does 
not necessarily equal V^. 

Waveform 72 in Figure 7A illustrates an exemplary 
. compensation voltage for a power supply with a voltage 
Of Vg. In this example Vg is less than V.. In order to s 
properly adjust for the diminished supply voltage the 
compensation voltage should increase more slowly 'over 
time, and the maximum compensation voltage level 
should be less than the maximum compensation voltage 
evel for the higher supply voltage V^. As Figure 7A il- io 
lustrates. waveform 72 has these characteristics in that 
It varies more slowly over time than waveform 70 and 
has a lower maximum voltage level than the maximum 
voltage level of waveform 70. As with waveform 70 the 
maximum voltage level of waveform 72 is proportional is 
to the Vb voltage of the power supply, but does not nec- 
essarily equal V^. Both waveforms, 70 and 72 repeat 
at a frequency that is equal to the switching frequency 
of the power device. 

Figure 7B generally illustrates a slope compensa- 20 
tion circuit 74 that provides a compensation voltage at 
the erriitter of transistor 75 that approximately follows 
he voltages 70 and 72 of Figure 7A. Coupled to the col- 
lector of transistor 75 is the power supply. +V2 Transis- 
tor 75 provides a voltage at its emitter that corresponds 2S 
to the voltage applied to the base of the transistor 75 

The base of transistor 75 is coupled to a ramp gen- 
erator comprising capacitor 76. a current source 77 and 
a diode 78. The anode of the diode 78 Is coupled to the 
junction of capacitor 76 and the current source 77 The 3o 
cathode of diode 78 is coupled to a source of negative- 
going pulses that occur at the switching frequency of the 
power switching device. The current source 77 is cou- 
pled to the power supply Wg. The current source 77 
may be implemented using a transistor or other current 3S 
regulating device, e.g.. a constant current diode 

In operation, the current source 77 charges capac- 
itor 76 to produce a ramp voltage that is applied to the 
base of transistor 75. This, in turn, will control the con- 
ductivity of transistor 75 to produce a ramp voltage at 4o 
the emitter of transistor 75. 

The slope of the ramp voltage provided at the emit- 
ter of transistor 75 is proportional to the slope of the 
ramp voltage applied to the base of transistor 75 (which 
IS the voltage across the capacitor 76). The slope of the 4S 
ramp voltage produced across capacitor 76 is propor- 
. tionaltothe rate at which capacitor 76 is charged, which 
in turn, IS proportional to the magnitude of the current 
from current source 77. If the magnitude of the cun-ent 
supplied by current source 77 is constant, the slope of so 
he ramp voltage of capacitor 76 will also be constant 
If the magnitude of the current from source 77 is made 
to vaiy in proportion to the voltage of the supply +V, the 
slope of the ramp voltage provided to the base of tran- 
sistor 75 - and thus the slope of the compensation volt- ss 
age at the emitter of the transistor 75 ~ will increase as 
the supply voltage +V increases and decrease when +V 
decreases. In this manner, the slope of the compensa- 



tion voltage can be adjusted to cope with variations in 
the voltage of the supply +v. One method of making the 
magnitude of the current going into the capacitor 76 pro- 
portional to the supply +v is to use a resistor 79 as 
shown in Figure 7C. In many applications, the supply 
voltage +v will be large relative to the voltages associ- 
ates with the slope compensating circuit and the current 
in resistor 79 will be approximately constant irrespective 
of the variations in potential at the base of the transistor 

To. 

Capacitor 76 will continue to charge, and the volt- 
age across capacitor 76 will continue to rise, until a neg- 
ative-going pulse is applied to diode 78. When a nega- 
tive-going pulse is applied to the cathode of diode 78 it 
will be rendered conductive and capacitor 76 will rapidly 
discharge through diode 78. thus bringing the voltage 
across capacitor 76 and the voltage applied to the gate 
of transistor 75 to near zero. As discussed above the 
negative-going pulses applied to the cathode of diode 
78 occur at the switching frequency In this manner, the 
circuit of Figure 78 causes the compensation voltage to 
vary at the switching frequency. 

Referring to Fig.7C, as discussed above, the ramp 
voltage across capacitor 76 is applied to the base of 
transistor 75. The voltage produced at the emitter of 
transistor 75 will be a compensation voltage having a 
slope that varies according to the slope of the ramp volt- 
age applied to the base. This slope is. in tum deter- 
mined approximately by the magnitude of the power 
supply voltage +V which is applied to the upper terminal 
of resistor 79. assuming that +V is large compared with 
he voltage at the base of transistor 75. In this manner 
the circuit of Figure 7C automatically adjusts the slope 
Of the compensation voltage to adjust for variations in 
the supply +V. 

Figure 8 illustrates in greater detail the use of a 
slope compensation circuit 74 in the context of the cur- 
rent control circuit of Figure 5. Except as affected by the 
compensation circuit 74. the circuit of Figure 8 operates 
in substantially the same manner as the circuit previous- 
ly described in connection with Figure 5. 

Referring to Figure 8, the slope compensation cir- 
cuit 74 comprises transistor 75, capacitor 76, current 
source 77 and diode 78. These elements function sub- 
stantially as discussed above in connection with Figure 
78. In the embodiment of Figure 8, the current source 
77 comprises a transistor 80. whose base is controlled 
by a pair of series connected resistors, including varia- 
ble resistor 81. By adjusting the resistance of variable 
resistor 81 , it is possible to adjust the slope of the com- 
pensation voltage at the emitter of the transistor 75 

As discussed above, the slope of the compensation 
voltage should be set such that, for some nominal power 
supply voltage +V, the slope M of the compensation volt- 
age IS at least O.5M2 where M2 is the slope of the de- 
creasing portion of the motor current voltage Imotor 

In the embodiment of Figure 8 a hysteresis NAND 
gate 82 is also provided. NAND gate 82 is coupled to 
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the edge detector 42 and operates with edge detector 
42 to produce a series of negative-going clock pulses 
that have a frequency corresponding to the frequency 
of the PWM signal received at node 40. Alternative em- 
bodiments are envisioned where NAND gate 82 is elim- 
inated and the diode 78 is coupled to the output of edge 
detector 42 that is coupled to flip-flop 58. In such an em- 
bodiment, hysteresis NAND gate 54 should be sized to 
sink the charge from capacitor 76. 

The compensation voltage from slope compensa- 
tion circuit 74 is added to the voltage representing the 
motor current I motor through the use of resistors 83 and 
84. As illustrated in Figure 8, the compensation voltage 
from compensation circuit 74 may be provided to the 
current control circuits for each phase of the motor. 

Alternative embodiments of the slope compensa- 
tion circuit are contemplated wherein ramp generating 
circuitry is adjusted to produce a compensation voltage 
that starts at zero at the initiation of a switching period 
and decreases linearly according to a slope -M. In such 
an embodiment, the compensation voltage would be 
added to the voltage representing the desired peak cur- 
rent I REFERENCE provide slope compensation. 

When slope compensation is used in connection 
with the current controller of the present invention, it is 
recommended that the low pass filter 46 be selected 
such that the ripple on the analogue voltage represent- 
ative of the desired peak current I reference small. 
Too much ripple could affect the operation of the slope 
compensation circuitry. 

In general, the low pass filter should ensure that any 
ripple on the Ireference voltage signal is much less 
than 0.10 times the peak motor current. For example, 
ripples with magnitudes of approximately 1/50th of the 
peak current or 1/1 00th of the peak current are believed 
to be acceptable. 

In the embodiment of Figure 5, the low pass filter 
46 comprises a first order RC low pass filter comprising 
a single resistor and a single capacitor. Depending on 
the frequency of the PWM signal received at node 40, 
the required current control bandwidth, and peak mag- 
nitude of the motor current, it may be desirable to use 
more complicated or higher order low pass filters. Ex- 
amples of such alternative low pass filters are illustrated 
in Figures 9A and 9B. 

Figure 9A illustrates a low pass filter more compli- 
cated than that of Figure 5 that comprises two resistors 
90 and 91 and a capacitor 92. The values of the resistors 
90 and 91 should vary with the frequency of the PWM 
signal and the magnitude of the peak motor current. 

Figure 9B illustrates a higher order low pass filter 
that may be used in the present invention. The higher 
order low pass filter of Figure 9B comprises a first RC 
network comprising resistor 93 and capacitor 94 electri- 
cally coupled in series with a second RC network com- 
prising resistors 95 and 96 and capacitor 97. As with the 
resistors and capacitor of Figure 9A, the component val- 
ues of Figure 9B should be selected in light of the fre- 



quency of the PWM signal, the required current control 
bandwidth and the peak motor current. As an example, 
for a PWM frequency of 10kHz the values of the com- 
ponents of Figure 9A may be as follows: resistor 93 = 
5 16k Ohms; capacitor 94 = 10 nanofarads; resistor 95 = 
82k Ohms; resistor 96 = 20k Ohms and capacitor 97 = 
10 nanofarads. These values are exemplary and other 
values may be used. 

While the invention has been described in connec- 
70 tlon with the illustrative embodiments discussed above, 
those skilled in the art will recognized that many varia- 
tions may be made without departing from the present 
invention. For example, the embodiment of Figure 4 il- 
lustrates the use of upper and lower power switching 
devices 8 and 23. Alternatively, embodiments are envi- 
sioned wherein the switching off of the switching devices 
is not simultaneous and a freewheeling mode Is intro- 
duced into the switching cycle, or wherein upper switch- 
ing device 8 is eliminated and a single switching device 
23 is used. 

In a still further embodiment, the isolator, edge de- 
tector circuit and low pass filter are duplicated for each 
phase, thereby allowing control of the current in each 
phase to individual levels. Those skilled in the art will 
recognize that the techniques and circuits described 
above can be applied with equal effect to a drive system 
operating in the generating mode. 

Accordingly, the above description of several em- 
bodiments is made by way of example and not for pur- 
poses of limitation. The present invention is intended to 
be limited only by the spirit and scope of the following 
claims. 



1. A control circuit for controlling current in a winding 
of a reluctance machine in response to a pulse sig- 
nal in the form of a series of pulses having a fre- 
quency related to the required switch timing and be- 
ing modulated in accordance with a desired winding 
current, the circuit comprising: 

switch means connectable to the winding to 
control the current in the winding; 
a demodulator for deriving a current reference 
signal indicative of the desired winding current 
from the reference signal; 
timing means for generating switch timing sig- 
nals from the series of pulses; 
• - monitoring means for producing a current sig- 
nal Indicative of winding current; 
a comparator for comparing the reference sig- 
nal with the current signal, which comparator is 
operable to produce an output which is indica- 
tive of a desired current above the winding cur- 
rent; and 

first enabling means responsive to the switch 
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3. 



timing signals and the comparator output to ac- 
tuate the switch means to control the current 
applied to the winding. 

A circuit as claimed in claim 1 in which the demod- s 
ulator is a low-pass filter.- 

A circuit as claimed in claim 1 or 2.in which the tim- 
ing means Include an edge detector for generating 
the switch timing signals in response to one of the io 
leading and trailing edges of each of the pulses. 



4. 



6. 



7. 



8. 



A circuit as claimed in claim 1, 2. or 3 in which the 
enabling means comprise a flip-flop. 

A circuit as claimed in claim 4 in which the flip-flop 
is a set-reset flip-flop. 

A circuit as claimed in any of claims 1 to 5 for each 
phase of a multi-phase reluctance machine, further 
Including second enabling means responsive to a 
phase enabllngsignal to allow the comparator to ac- 
tuate the switch means in accordance with the 
phase sequence of the machine. 

A circuit as claimed in any of claims 1 to 6. including 
a compensator operable to produce a compensa- 
tion signal which varies over the period of the puls- 
es, the comparator being arranged also to receive 
the compensation signal, the output of the compa- 
rator being a comparison between the sum of the 
current signal and the compensation signal, and the 
reference signal. 

A circuit as claimed in any of claims 1 to 6, including 
a compensator operable to produce a compensa- 
tion signal which varies over the period of the puls- 
es, the comparator being arranged also to receive 
the compensation signal, the output of the compa- 
rator being a comparison between the difference 
between the refernce signal and the compensation 
signal, and the current signal. 
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A circuit as claimed in claim 7 or 8 in which the com- 
pensator Is operable to vary the compensation sig- 45 
nal according to the variation in a voltage across the 
winding. 

A method of controlling the magnitude of current in 
a winding of a reluctance machine and the switching so 
frequency of a power switching device in response 
to a series of pulses, the method comprising the 
steps of: 

deriving a signal representative of the desired 5S 
phase current from the series of pulses; 
closing the power switching device to couple 
the phase winding to a power supply in re- 



sponse to a pulse from the series of pulses; 
monitoring the current in the phase winding to 
provide a signal representative of the phase 
current; 

comparing the signal representative of the 
phase current with the signal representative of 
the desired phase current; and 
opening the power switching device when the 
signal representative of the phase current ex- 
ceeds the signal representative of the desired 
phase current. 

11. The method of claim 10, wherein the power switch- 
ing device is switched to couple the phase winding 
to the power supply in response to the rising edge 
of the said pulse from the series of pulses. 

12. The method of claim 1 0, wherein the power switch- 
ing device Is switched to couple the phase winding 
to the power supply in response to the falling edge 
of the said pulse from the series of pulses. 

13. The method of claim 1 0, 11 or 1 2, wherein the signal 
representative of the desired phase current Is de- 
rived by filtering the series of pulses, 

14. A method as claimed in claim 10, 11, 12 or 13, in- 
cluding: 

generating a compensation signal that is pro- 
portional to the voltage of the power supply; 
adding the compensation signal to the signal 
representing the phase current to provide a 
compensated phase current signal; 
comparing the compensated phase current sig- 
nal with the signal representative of the desired 
peak current in the phase winding; and 
opening the power switching devices when the 
compensated phase current signal exceeds the 
signal representing the desired peak current. 

15. A method as claimed In claim 14 wherein the phase 
winding is coupled to the power supply at a repeti- 
tive inten/al that defines a switching period, and 
wherein the compensation voltage varies from a 
first value to a second value over the switching pe- 
riod. 



1 6. A method as claimed in claim 1 5 where the variation 
of compensation voltage with respect to time is lin- 
ear. 

17. A method as claimed In claim 19, wherein the vari- 
ation of the compensation voltage over the switch- 
ing period defines a compensation slope and 
wherein the compensation slope Is proportional to 
the voltage of the power supply 
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18. A method as claimed In claim 20, wherein the cur- 
rent In the phase winding decreases when the pow- 
er switching devices are opened, wherein the de- 
creasing phase current defines a current slope, and 
wherein the compensation slope is substantially^ s 
equal to the current slope. 
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